Fire, as one of the most severe load conditions, has an important impact on concrete structures. It does not only affect the material strength, but also the structural stiffness and stability. A concrete column, compared to other structural members, has most often to cope both with vertical forces and bending moments transmitted by slabs and beams. Consequently, it is essential to find a reliable and practical way to establish interaction curves for the overall structural behaviour of concrete columns subjected to fire. In this paper, a cross-section calculation method based on the material models of Eurocode 2 is explained and adopted to calculate interaction curves for a typical rectangular column exposed to the ISO834 standard fire. Subsequently, an iterative approach is introduced to develop interaction curves taking into account second order effects in case of four-side heated fire exposure. The maximum permitted slenderness ratios of columns under different fire durations are obtained and compared with Eurocode 2 provisions. Finally, this method is applied to calculate the maximum permitted slenderness ratios for columns exposed to hydrocarbon fires and natural fires.
where , ′ are thermal conductivities Θ ℎ ℎ , Θ , Θ ℎ ℎ ′ , Θ ′ are the temperatures of the member nodes [°C] s is the distance for the heat transfer [m] As the first step for the node temperature calculation, the cross-section under consideration is discretized into small rectangles. A 1 mm×1 mm square is set as a basic calculation element. Considering different boundary conditions (fire duration, exposed surface, heat transfer direction, etc.), a program implemented in [15] has been developed to calculate the temperature distribution for different fire exposed surfaces.
Fig. 1
The temperature distribution of the cross-section is first calculated with the proposed methodology and validated with the finite element program [16] and Eurocode 2 provision (Fig .2) . For the temperature simulation, the lower limit of the thermal conductivity, the concrete moisture 1.5 % and the concrete density 2300 kg/m 3 are considered. has a good agreement with that from Eurocode [13] and finite element software analysis [16] . As a result, node temperatures from this methodology are implemented into the cross-sectional model (also implemented in a routine [15] ) to calculate interaction curves of columns exposed to fire. The thermal strain of concrete for different types of aggregates can be considered. Taking siliceous aggregates for instance, a formula of the thermal strain presented in EN 1992-1-2 [13] is adopted in the current calculation:
Structural model
The same cross-sectional discretization is used for the structural analysis. The mechanical strain is expressed as follows [17] :
ε mech(ξ,η) = ε tot − ε th = ε 0 + k 0 η − ε th (4) where ε tot is the total strain, ε th is the thermal strain, ε 0 is the strain at the centroid point and k 0 is the curvature around the neutral axis.
In EN 1992-1-2 [13] , the transient strain is implicitly considered in the mechanical strain term. The stressstrain curves of concrete and reinforcement bars given in Eurocode [13] are adopted in this paper.
In Fig. 3 , the relationship between the total strain, the thermal strain and the mechanical strain is illustrated.
Fig. 3
For the cross-sectional structural resistance, the basic calculation model is described in Fig. 4 . The compression strains are considered to be positive. For slender columns, second order effects still need to be reasonably considered. In order to solve this problem, the cross-sectional calculation tool is further developed to take into account second order effects and different slenderness ratios.
The deflection is calculated as:
bending moments respectively for concrete and steel reinforcement, b is the width of the column and h is the height of the cross-section. from the proposed analytical method. This is because different material models are chosen. For stressstrain laws of concrete in compression, elastic and perfectly-plastic stress-strain curves are adopted in [6] , whereas decreasing branches are considered in the proposed method. As a result, the corresponding maximum permitted bending moments are a little smaller than those in [6] . The differences are apparent when the temperatures of the column are low.
Subsequently, the cases of columns with 1 to 4 exposed surfaces are compared to the data from Caldas [14] who used the same input parameters as Meda [6] . The cases of columns with different exposed surfaces subjected to the ISO standard fire at 90 minutes and 300 minutes have been illustrated in [18] . The results prove to be very close to results found in [6] and [14] .
Validations of interaction curves based on theoretical and experimental data considering second order effects
In EN 1992-1-1 [19] , it figures out that second order effects may be ignored if the slenderness λ is below a certain value λ lim . λ = √ / (6) = 20 ⋅ ⋅ ⋅
where l eff is the effective length I is the area moment of inertia A is the cross-sectional area (Fig. 6) .where e 0 is an initial eccentricity and e 2 is an additional deflection caused by eccentric loads. Subsequently, this method is adopted to study the second order effects of columns exposed to fire. A basic column with two clamped end sections was chosen in accordance with an experiment carried out by Lie [2] in order to validate the performance of the developed cross-section calculation tool. The same experimental fire temperatures as well as geometric and material properties are taken into account.
Considering the clamped end conditions, a factor K = 0.6 was used to calculate the effective length of columns as Lie [2] proposed. A comparison of the results is given in Table 2 . Table 2 Further, two more comparisons have been performed with respect to tests from Braunschweig University of Technology [20] (Table 3) and University of Liège [21] (Table 4) , respectively. Table 3   Table 4 Structural Concrete From Table 2, Table 3 and Table 4 1992-1-2 [13] , where A c is the cross sectional area of concrete, A s is the cross sectional area of reinforcement bars, f cd is the design value of concrete compressive strength, f yd is the design yield stress of reinforcement, N 0Ed,fi is the design value of the applied axial force. Table 5~ Table 13 From the tables above and comparing these with the tabulated data provided in Eurocode 2 [13] , it is seen that the tables from Eurocode 2 [13] are not safe for the case of a reinforcement ratio of 0.1, as well for a reinforcement ratio of 0.5 when the axial load is large. On the other hand, some minimum dimensions are overly conservative in case the reinforcement ratio is 1.0. Further, the present study is very helpful to provide guidelines for a minimum cross-section design for columns subjected to fire.
EXTENSION OF THE TABULATED DATA FOR CONCRETE COLUMNS EXPOSED TO HYDROCARBON FIRE

AND NATURAL FIRES
Eurocode [13] only provides minimum dimensions with respect to the ISO 834 standard fire, but this standard fire does not provide a true indication of how structural members and assemblies will behave in an actual fire or when exposed to a hydrocarbon fire. As resistance to hydrocarbon fires may be required in specific situations and little data is available on the design of concrete columns exposed to hydrocarbon fires, extending the tables of the Eurocode with respect to this more severe design fire is important. Hence, the same analytical method is used to determine the required cross-section characteristics for columns exposed to these other fire curves. Hydrocarbon fires represent the burning of for example gasoline pool fires and are widely used when designing technical facilities and tunnels. Natural fires, known as compartment fires, account for the fire load present in the compartment and decrease in intensity once the fuel has been burned. Both of these two types of fires are typical fires, so they are adopted for fire resistance of columns.
The hydrocarbon temperature-time curve is given by [13]:
Q g = 1080 ( 1 -0.325 e -0,167 t -0.675 e -2,5 t ) + 20
where Q g is the gas temperature in the fire compartment [°C] t is the time [min] 4.1 Fire resistance of columns subjected to hydrocarbon fire
The same material properties and boundary conditions as EN 1992-1-2 [13] are considered in case of this hydrocarbon fire. The minimum required cross-sections of columns at 30 min, 60 min, 90 min and 120 min are shown in the same tables as in case of the ISO 834 standard fire (Table 5~ Table 13 ). It is worthwhile to note that these natural fires start to decrease after about 50 min in the dwelling and 30 min in the office.
Next, a square column subjected to these fire conditions is analyzed: the cross-section is 300 mm × 300 It can be observed that the reinforcement temperature begins to decrease at 75 min in the dwelling and 60 min in the office. Considering plastic damages and strength losses of concrete material, the stress-strain relationship for cooling down is not the same as for increasing fire temperature. However, no specific guidelines are given in Eurocode to calculate the cooling down branch. In order to solve this problem, an analytical method is proposed. This analytical approach, on the one hand, supposes that there is no strength Structural Concrete 13 recovery of concrete material and adopts the same stress-strain model to calculate the upper limit curve during cooling down period (considering perfect recovery). On the other hand, it considers the stress-strain model associated with the maximum local concrete temperature obtained during the fire is maintained. By this way, a lower limit curve can be obtained (considering no recovery). As a result, the bending moment capacity of columns should be located between these two curves. The current analytical tool, however, has not been explored for the full cooling phase yet. The maximum local concrete temperature is a simplified and conservative way to predict the tendency of fire resistance when the fire temperature begins to decrease. Take the dwelling for instance, upper and lower limit curves ( Fig force is low (n is less than 0.3). It is because second order effects are insignificant under loads with small eccentricities. As soon as n reaches 0.3, the maximum permitted bending moment decreases significantly when the eccentric load is increasing. It is worth mentioning that the lower limit curve increases again when the reinforcement bars are cooling down. It is possible to obtain the minimal curves (the most critical case during the fire). Comparing curves in Fig. 10 , it is observed that the lower limit curve does not decrease much further below the most critical point of the upper limit curve. The same analysis has been performed for the office in case of a natural fire and the maximum permitted bending moments in function of fire duration are shown in Table 15 . Table 15 Take the case of n = 0.3 for instance, the possible maximum permitted bending moment curve during cooling down is indicated as the shaded area in Fig. 11 .
Fig. 11
Structural Concrete 14 Finally, the lower limit curve can be adopted to calculate interaction curves of columns for different slenderness ratios. As an example, interaction curves based on the lower limit curve at the most critical time for the dwelling and the office are provided in Fig 
CONCLUSION
An analytical method is developed, which proves to be an easy-to-use way to predict interaction curves of columns exposed to fire. The minimum dimensions of columns in case of ISO 834 standard fire are recalculated and some comparisons with experimental results are provided in order to validate the obtained calculation tool. It is found that Eurocode provisions on the one hand are not safe for the case of the reinforcement ratio is 0.1 as well as the reinforcement ratio is 0.5 when the axial load is large. On the other hand, tabulated data is found to be too conservative for high reinforcement ratios ω = 1.0, which results in inefficient and uneconomical solutions for the practice. Considering an economical aspect as well as the safety issue, the tabulated tables obtained in the current work provide more precise references for the design of concrete columns exposed to fire. Furthermore, the application area is extended to other fire scenarios. The minimum column dimensions are presented for hydrocarbon fires. Comparing the results for the hydrocarbon fire with the tables obtained for the ISO 834 standard fire, it is noted that fire resistance to the hydrocarbon fire may result in very stringent requirements. Moreover, some specific examples are given in case of columns subjected to natural fires. Both the upper limit and lower limit curves are introduced to investigate the fire resistance of columns when the fire temperature begins to decrease. The results prove that second order effects are insignificant when normal force is low. When the eccentric loads are large enough, the maximum permitted bending moment of the column firstly decreases continuously during the fire, and then have a slight increase at a certain point during the cooling phase. As a result, this value based on the lower limit curve could be recognized as the design value during this Structural Concrete 15 specific fire. In conclusion, this analytical method and calculation tool is significant and can be possible in effectively quantifying interaction curves of columns exposed to any types of fires considering second order effects.
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